Photochemical hole burning (PHB) is a topic of attract ing increasing interest from spectroscopic viewpoints as well as from the practical prospects for ultra-high density frequency-domain optical storage. Recent ad vances in PHB study are reviewed mainly focusing on the effects of chemical structure of guest ions and molecules as well as host matrices on the efficiency of hole formation and its temperature dependence, low energy excitation modes and Debye-Waller factors in amorphous matrices, and the mechanism of photon-gat ed PHB.
Introduction
PHOTOCHEMICAL hole burning (PHB) is a phenomenon in which site-selective and persis tent decrease of absorption or a hole is created in the absorption band of molecularly dispersed photoreac tive guests in host matrices at low temperatures. The phenomenon of PHB was discovered by two Russian groups.1),2) The word "chemical" distin guishes this phenomena from the so-called hole burn ing phenomenon due to saturated absorption ob served in laser materials. In PHB, a hole in the spec tral range exists persistently after the laser irradia tion. This persistency is attained mainly by the pho tochemical change or rearrangement of guest molec ules. Sometimes the term "photochemical hole burn ing" is restricted to the hole formation through the former process, and "persistent spectral hole burn ing" (PSHB) is used in order to include the hole for mation through both processes. But since the boun dary between "photochemical" process and "non photochemical" process is not so clear, there is the case that the word "photochemical" represents the persistency of a hole and points to general hole for mation phenomena.
The PHB technique eliminates the inhomogene ous broadening of the system and therefore it can be used as a good tool for high resolution spectroscopy.3),4) A hole profile gives much informa tion on the microenvironment around the guest molecules. The PHB is used as a sensitive microprobe for the electron-phonon interaction.5), 6) In the early stage of the investigation on PHB, the na ture of a zero-phonon line (e.g., optical dephasing) and local structural relaxation around guest molec ules or spectral diffusion which is explained with the two-level-system (TLS) model7),8) in amorphous hosts have attracted much interest in the physical field. The information as to homogeneous width ob tained by the PHB measurements has been com pared with the results of photon echo measurements9)-11) and fluorescence line narrowing measurements. 12) The PHB phenomenon has been reported for a var iety of organic and inorganic materials. As the gener al discussion as to these phenomena is presented in excellent review articles,3),4) the recent advances of PHB investigation especially in polymer systems will be discussed in the present article. The effect of chemical structures of guest molecules and host ma trices on the efficiency of hole formation is given in Section 2. Thermally activated structural relaxation monitored by PHB is discussed in Section 3. The low energy excitation modes probed with PHB measure ments which affect the electron-phonon interaction is discussed in Section 4 as an example of usage of PHB as a microprobe for molecular dynamics of poly mers.
PHB is expected as a possible means for ultra high-density frequency-domain optical storage as well as a tool for high-resolution spectroscopy. 3 
Dihydroxyanthraquinone
(DAQ) is another well investigated PHB system. In this case, rearrange ment of hydrogen bonding between a DAQ molecule and host matrix occurs leading to the shift of resonant frequency of a DAQ molecule.25),26) Since the active part of a DAQ molecule for PHB reaction is outside of a molecule, a hole burnt in this system might be thermally less stable27) than porphyrin sys tems which have a PHB-active part inside of a dye molecule, because the thermal fluctuation of the matrix directly interacts with the PHB-active part of DAQ.
Site-selective electron transfer and elimination of backward reaction is investigated for PHB reaction. A hole is created for the lack of electron for the ab sorption in irradiation frequency. In rare-earth ion systems, photo-ionization and trapping of ejected electron is reported to be able to cause the PHB phenomena.12) Organic donor-acceptor systems are also reported to show such electron-transfer-type PHB phenomena.28) These PHB systems are also ex pected as photon-gated PHB systems as mentioned in Section 6.
The photodecompositions of dimethyl-s-tetrazine,29) anthracene-tetracene adduct,30) and dihydrophe nazine31) are known to cause the PHB phenomena. The hole of dihydrophenazine burnt at 4K in fluo rene molecular crystal can be recovered again at 4K after temperature cycle up to room temperature.31)
As already mentioned above, a hole can also be burnt by non-photochemical process without pho tochemical change of dye molecule. The non-pho tochemical hole burning is supposed to occur via rear rangement of TLS system,32) but the boundary be tween photochemical process and non-photochemi cal one is not clear yet.
A combination of a photosensitizer with photoreac tive polymers also gives a possibility of hole forma tion. Recently two-color photosensitization of zinc porphin derivative-glycidylazidopolymer system33) was found out to be a new type photon-gated PHB system.
Cycle annealing experiments and
thermal stability of holes A hole profile inevitably includes the information on microenvironment around guest molecules. A hole can be used as a spectral probe for the dynamics of the host matrices. Cycle annealing experiments have been carried out for studying the temperature dependence of the extent of structural relaxation around the guest molecules.34) A cycle annealing ex periment is performed as follows. First a hole is burnt at low temperature and measured on the profile, and then temperature of the system is elevat ed and annealed. Next the system is cooled down to the previous temperature, and a hole profile is meas ured. This temperature cycle is repeated several times with raising the elevated temperature. From this cycle annealing experiment, two types of infor A hole consists of three parts. Schematic represen tation for these three parts is shown in Fig. 5 . First part is a zero-phonon hole which has been discussed as a "hole" above in this article. A zero-phonon hole is a sharp hole and exists at the irradiation laser fre quency, and consists of a photoreactive guest molec ules whose zero-phonon line exists at the laser fre quency. Second part is a phonon side hole. A phonon side hole is a broad hole at the higher energy side of a zero-phonon hole, and consists of phonon side bands of the same guest molecules as for zero-phonon hole.
Third part is a pseudo-phonon side hole at the lower energy side of a zero-phonon hole. A pseudo-phonon side hole consists of zero-phonon lines whose phonon side bands exist at the laser frequency. When interac tion between guest molecules and matrix is weak, a phonon side band absorption is weak and then the Debye-Waller factor is close to unity especially at low temperature.
In such system, a phonon side hole is quite small but a pseudo-phonon side hole is rela Table 2 , as well as those evaluated from photon echo measurements, Ep.45) the phonon modes in a polymer coupled with guest molecules is supposed to be low energy excitation modes which contribute the excess heat capacity of amorphous polymer. Low energy excitation modes estimated from PHB measurements are reported to reflect the microscopic ordered structure of polymer matrices.22),41),42) Drawn and undrawn poly (ethy lene terephthalate) (PET) systems41) have different phonon-mode frequencies as shown in Table 2 . The PET system is known to have more ordered struc ture by drawing. The phonon-mode frequency of PET systems is supposed to increase with the in crease in the orderliness of matrices. This tendency is also observed in drawn and undrawn polyimide systems.42) Phonon mode frequencies coupled with guest molecules of epoxy resin system43) is reported to change with the change in curing agents. From Ta ble 2, hydrogen bond formation in PVA, PHEMA and dextran6),40) as well as an ordered structure in protein63) is also reflected by the high phonon fre quency estimated from PHB measurements.
Temperature dependence of the Debye-Waller fac tor is estimated from PHB measurements.6),43) The Debye-Waller factor, DW(T), is defined by the fol lowing equation. 44) DW
(T)=S0(T)/[S0(T)+Sp(T)] (3) where S0(T) is integrated intensity of a zero-phonon line and Sp(T) is integrated intensity of a phonon side band. The DW(T) represents a fraction of a zero-phonon line in the absorption of a dye molecule. If the oscillator strength of a dye molecule does not depend on temperature and then S0(T)+Sp(T)
is conserved for the change in temperature, T, the tem perature dependence of DW(T) can be estimated from the temperature dependence of S0(T).6) The temperature dependence of S0(T) is measured from the temperature dependence of the area of a zero phonon hole. Since the interaction between a dye molecule and matrix polymers is weak at 4K, the DW(4) for polymer matrix systems is close to unity (DW(4)_??_0.9 for TPP/PMMA45)). Therefore, S0 (T)/S0(4) roughly corresponds to the DW(T). Figure 6 shows the temperature dependence of DW(T) estimated from S0(T)/S0(4) for various systems.6) In this measurement, a hole is burnt at higher temperatures first and then cooled down to 4 K for the suppression of thermally activated back ward reaction of photoproducts. These results agree well with the results obtained by photon echo technique.45) From the comparison between Table 2 and Fig. 6, it 5. High temperature hole formation in polymer systems The study on high temperature PHB gives much information on the temperature dependence of homogeneous width and the laser-induced hole fill ing. Moreover high temperature PHB is very im portant for the application of PHB to a practical fre quency-domain optical storage system. Hole forma tion above liquid nitrogen temperature (77K) has been reported for some systems.21),43),46)-49) But the mechanism for them is not clear yet. Recently, the ki netics for the high-temperature PHB in polymer sys tems has been elucidated with taking account to the nature of laser-induced hole filling.50)
Temperature dependence of homogeneous width for amorphous host systems is reported to follow the low-power-law relation on T (Ta, a<2).4) The homogeneous width of polymer systems at 80K esti mated from extrapolation from low temperature is enough sharp to create a hole even at 80K. But hole formation at 80K in polymer systems is reported for only a few systems, i.e., tetraphenylporphin (TPP)/ phenoxy resin (PhR),21) TPP/epoxy resin (EpR), 43) and sulfonated TPP (TPPS)/poly (vinyl alcohol) (PVA).46) Other TPP/polymer systems are not In order to go insight into the structural relaxation processes, i.e., irreversible spectral diffusion and hole filling processes, the annealing temperature de pendence of hole area during the cycle annealing ex periments was studied ( Fig. 9 ).53) In these experi ments, a hole burnt at 4.2K by 0.75mW/cm2 laser ir radiation for 1-5min was annealed at 30, 50, and 80 K for 30min and measured at 4.2K successively. As can be seen from Fig. 9 , the hole areas scarcely changed up to 80K-annealing and more than 80 per cents of initial area was conserved for all the sys tems. It means that the thermally activated back ward reaction hardly occurs and that spectral diffu sion leading to irreversible broadening of hole width without change in hole area is the dominant process in this temperature region. The slight decrease in hole area after the temperature cycle of 80K could be interpreted by the contribution of the non-pho tochemically burnt hole. Fig. 11 . The mechanism of photon-gated PHB in a rare-earth ion system. 14) The systems for photon-gated PHB are listed in Table 3 . There are three types of major photon-gat-Nippon Seramikkusu Kyokai Gakujutsu Ronbunshi (Journal of The Ceramic Society of Japan)
The Centennial Memorial Issue 99 [10] 1991 921 ed PHB reactions. One is the two-photon (two-color) oxidation of rare-earth ion14),54),55) via its metastable electronic state as shown in Fig. 11 . Ejected elec trons are thought to be trapped by trapping states which are presumably defects and impurities. 
Conclusion
The important factors for the applicability of PHB to ultra-high density optical storage are supposed to be:
(1) high efficiency of hole formation, (2) elevation of operating temperature and ther mal stabilization of holes,
(3) non-destructive reading of holes, (4) high speed writing and reading of holes. The elucidation of the effects of molecular struc tures of both guest molecules and host matrices on hole formation efficiency and its temperature depen dence is essential to the first and second items. PHB itself gives important information as a new method of spectroscopy on the electron-phonon interaction and low-energy excitation modes of amorphous ma trices. The recent advance in photon-gated PHB is also reviewed, which is a promising technique for realizing the third and fourth items.
